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FLIGHT INVESTIGATION OF A FULL-SCALE ATRCRAFT EJECTOR
WITH VARTOUS SPACING RATIOS AND CORRELATION
WITH SMALI-SCALE TESTS*

By C. Dewey Havlill and Rodney C. Wingrove
SUMMARY

A Plight investigetion was made to determine the thrust and pumping
characteristics of a family of aircraft exhsust ejectors. Informgstion
was obtained on the variation of these charscterlstics with changes in
engine povwer, flight Mach number, and ejector spacing ratio, and these
results were compared to small-scale tests. The tests were conducted
at a nominal pressure altitude of 25,000 feet.

Generally there was good correlatlion between these tests and model
tests, and the cases where large differences occurred suggest the need
for further research. Also, an optimm ejector length was obtained from
these tests which would not have been predicted from availsble informa-
tion, and which produced an increase 1n alircraft propulsive force of as
much as 8-1/2 percent.

In addition to ejector charscteristics, results were obtalned
showing how & swinging survey probe can be used as a device for celi-
brating a tail-pipe pressure probe for the measurement of thrust and
gir fiow,

INTRODUCTION

When an aircraft engine 1s equipped with an afterburmer using =
two-poslition exheust nozzle, and has an exhaust ejector to pump tail-
pipe cooling air, then both dlameter and spacing ratlios differ for the
two nozzle positions. As shown by the data of reference 1 and similar
investigations, different diameter and spacing ratics cen result In
widely different thrust and pumping characteristics. Therefore, an

*Title, Unclassified.
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ejector deslgned to provide adequate tail-pipe cooling and thrust char-
acteristics during the critical afterburning condition may have severe
performance losses in the cruise condition with the afterburner not

operating. Such a situation is illustrated by the data of reference 2,

An ldesl ejector design should provide the proper amount of tail-
plpe cooling air for the afterburner-on condition, while retailning the
maximum possible net thrust for both afterburner-on and afterburner-cff
cperation. Investigations such as that reported in reference 1 were
mede in order to provide the Information necessary to deslign an ejector
in accordance with these requirements. However, the differences in
scale, Jet temperature, Jet rotation, and Jet veloclity profiles might
cause the results of the reference 1 model tests to differ from those
of full-scale alrcraft ejectors. In order to evaluate the magnitude of
these differences the investigation reported in reference 2 was under-
taken., In the present Investigation, a wlder range of ejector geometry
was covered snd a more refined temperature probe (discussed in ref. 3)
whlch provided more reliable temperature and weight flow profiles was
used. A method is described whereby this probe mey be used to calibrate
a fixed single point probe for obtalning net-thrust measurements.

NOTATION
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Dl?;PB dlameter ratio
Fg gross thrust, 1b
FF 8 gross-thrust ratio
p
Fn net thrust (Fg-Wv), 1b
L length from tall-pipe exit to shroud exit, £t
-5% spacing rstio
M fiight Mach number
P local total pressure, lb/ft*
P local static pressure, lb/ft2
Dg, atmospheric pressure, 1b/ftZ
Py ennular base pressure, 1lb/ft%
P
i’i primary pressure ratio
EE- secondary pressure ratio
By
R gas constant, 1715 £t2/sec2 °R
T distance froﬁ Jet center line, £t
T local total temperature, °R
v flight veloeclty, £t/sec
vy Jet velocity, ft/sec
W air-flow rate, slugs/sec
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EE EE corrected ailr-flow ratio
W. T

P P

oy Jet density, slugs/£t3

Subseripts

P primary system
8 primary and secondary system combined

8 secondary system

1 - value computed from cne-dimensional flow equations

DESCRIPTION OF TEST ATRPLANE

A ILockheed F-94C airplane equipped with a Ji8-P8 engine with
afterburner was used for this Iinvestlgatlion. A photograph of the test
alrplene is shown in flgure 1, a two-view drawing in figure 2, and a
list of dimensions in teble I. A schematic cross-sectional drawing of
the ejectors is shown in figure 3. The ejector spacing ratlio was changed
during the investigetlon by the addition of cylindrical extensions of
varlous lengths to the shroud. These changes produced the spacing ratics
listed in the following table:

Engine Dismeter Spacing ratlo

conditlon ratio Basic Modified
Afterburner off| 1.32 0.27 |0.38]0.4310.50[0.65
Afterburner on 1.12 Lot 49T B4 L60] .72

Secondary alr flow was supplied through 12 submerged inlets mounted
around the fuselsge at 2 longitudinal locations as shown in figure i,
Bach forward inlet had an inlet area of 0.045 square foot, and each rear
inlet 0.026 square foot. Also shown in figure L4 is & 1/8-inch gap
between the fuselage and the tall cone.
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INSTRUMENTATION AND TESTS

During this investigatlion the following quantlties were obtained:
airspeed and altitude; tail-pipe (primary) pressure, thrust, and air
flow; ejector pressure, thrust, and alr flow; and snnuler base pressure.
The data were recorded on standard NACA instruments supplemented by a
recording oscillograph.

Alrspeed and altitude were obtained from a pitot-static probe
mounted on a 12-1/2-foot nose boom. This installation was calibrated
against a pacer airplane. Tail-pipe pressure, used to determine thrust
and ailr flow, was obtained from an air-cooled total pressure probe
mounted at the tall-pipe exit as shown in figure 5. Standard nozzle
equatione given in the appendlx were used to compubte thrust and air flow
from tail-pipe pressure and temperature. Nozzle thrust coefficlent
(fig. 6) was obtained from calibrations of the system, with the ejector
removed, on a thrust stand. The tall-plpe temperature was assumed equal
to the sgverage temperature in the Jjet core region of the ejector temper-
ature profiles (i.e., the average temperature for r < 0.8 foot in
fig. 7). Applicetion of equations presented in the appendix to ground
celibration data aend use of engine masnufacturer's data for similar oper-
ating conditions indicated that nozzle air-flow coefficlent could be
assumed equal to nozzle thrust coeffilcient.

Bjector thrust and air flow were obtalned by the method discussed
in reference U4 using the swinging sonic-flow orifice survey probe dis-
cussed in reference 3. Opersationsl Jet pressures during this investiga-
tion were of g magnitude which permitted negliecting the static-pressure
error presented in reference 4 with negligible inaccuracy in the results.
A photograph of the probe mounted on the sireraft is shown in figure 5.
Typical pressure and temperature profiles obtained during an ejector exit
survey are presgented in figure 7. Flgure 8 presents thrust and air~flow
profiles camputed from the data shown in figure 7. Integration of the
profiles in figure 8 over the ejector ares ylelds ejector gross thrust
and air flow. Ejector ares measured with the engine shubt down was used
for the integration limit. Since the swinging survey probe covers only
one cross sectlion of & Jjet, there exists some Joubt as to whether this
cross sectlon 1s representative of the entire jJet. Calibrations were
made on a thrust stand to check the validity of the present swinging
probe installation as a thrust messuring device, and e nozzle thrust
coefficient was computed. Thils coefficient is presented in figure 6 and
indicates that a 2-percent correction must be applied to the thrust
meagurenent. The data contained herein hsve had this correction spplied
to all thrust and air-fiow data.

It is difficult to determine the error inherent iIn these dats with
any great degree of confidence, since the assumed extensions of ground
calibrations to flight conditions might poseibly lead to a greater
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megnitude of error than all other sources of error combined. However,

1f the effect of temperature error ls neglected, and the extrapolation

of ground callbrations to flight conditions 1s assumed valid, the error
in primary and ejector thrust and air flow would be estimated at 1 to

2 percent. The effect of error in temperature measurement would be to
Increase the error 1n alr flows. However, since the Jet temperature
measured by the swinging probe is used to compute both primery and ejec-
tor alir flows, the effect of an error in temperature on the ratio
(Wp,g/Wp) should be negligible. The secondary eir-flow ratio is obtained

from the following equation:

fe o (Tpto )/E

Wb TP Wb TP
For the present data, an error of 1 percent in (Wp+s/Wb) would produce
an error of about 0.0l 1n (Ws/Wb) in addition to the effect of errors
in nJTS7TP. The value of Ty was determlned by inspection of the ejec-
tor temperature profiles, and was taken as the temperature lmmedistely
inside the ejector shroud. An error of 10° F in Tg or an error of
30° F in Tp would result in an error of less than 1 percent in the
value of (WS/WP)~]TS7T . Since Tg and Tp are measured with the same
device, and since the measuring error is thought to be less than the

above values, the error in (Wg/W?).JTS7TP, due to temperature error, 1s
thought to be negligible.

For some regions in figure 7, statie pressure is greater than total
pressure, which implies flow into the ejector. However, ground tests
and visual inspectlon of the ejector Indicated thaet such reverse flow
did not occur. Therefore the static-pressure measurement was assumed
to be 1n error because of the effects of Jet and alrplane pressure
fields, end the fact that the statlic-pressure measurement was not made
in the plane of the ejector exlt. Where this conditlon occurred, the
true static pressure was chosen equel to the measured total pressure.
Since pecsitive values of (Pp+s'P ) were generally small, the error due

to this choice should not be 1ar§g?

The secondary pressure was obtained with three total pressure probes
mounted 120° apart, an inch from the shroud wall near the plane of the
tall-pipe nozzle. The probes were menifolded and the pressure messured
with a O to 1 pound per square inch differentisl pressure cell referred
to the nose-boom statlic-pressure system., Annulsy base pressure was
obtained in the same manner.

Tests were made at an altitude of 25,000 feet over a Mach number
range from 0.50 to 0.92. The girplane wag operated over the Mach number
range, filrst with Just sufficient power for level flight, then with max-
imum nonafterburning power, and finelly with the afterburner on; thus

CONTIDRA Ly
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three variations of primary flow conditione with Mach number were
obtained. Primery temperstures for the three variations were 1550 R
to 1800° R, 1800° R, and 3000° R, respectively. Primary total pressure
ratio is plotted ageinst Mach numher for the three operating conditions
in figure 9.

RESULTS AND DISCUBSION

Test Results

EJjector thrust ratios, corrected air-flow ratlos, and the ratio of
secondary total pressure to base pressure are presented in figures 10,
11, and 12 for all of the ejector configuratlions tested. Gross-thrust
ratio, air-flow ratio, and net-thrust ratio are cross-plotted against
spacing ratio in figures 13, 1k, and 15. In the computation of ejector
net thrust, the ejector was charged with the total loss in secondary
alr-flow pressure from free-stream conditions to ejector exit. Fig-
ure 15 shows that an appreclable performsnce gain can be realized by
optimization of the ejector. For example, eealing the fuselage gap and
increasing the ejector shroud lemgth 2.4 inches (L/DP = 0.27 to
L./DP = 0.38, afterburner off) increased the alrcraft net thrust as much

as 8-1/2 percent with the afterburner off and 6 percent with the after-
burner on, while more than the original quantity of secondary elr flow
for tail-pipe cooling wes maintained. The following example indlcates
the importance of this improvement on aircraft fuel economy. During
all flights reported herein, a measurement was obtained of the fuel used
to take off, climb, and accelerate to the test altitutde and speed. An
attempt was made to follow the same flight procedure in all cases, but
minor variations in technique and atmospheric conditions caused the results
of these measurements to be only qualitative. The information so
obtained indicated that optimizing the ejector caused a reduction in
fuel consumption of the order of 25 to 30 percent for these maneuvers.

Comparison With Model Tests

Model data from reference 1 are presented Iin figures 10, 11, and 12.
Thrust ratios were determined in the manner indicated by an errata on
reference 1. In ordexr to obtain data at s diameter ratio of 1.32 from
reference 1, a linesr interpolatlion was made between the dismeter ratios
1.21 and 1.40.

Thrust and alr-flow ratios for electors are dependent on the pressure
into which the ejector exhausts, with this quantity forming the denomins-
tor of secondary pressure ratio. Since fuselage shgpe, Mach number, and
the Jet all affect the pressure into which the ejector exhsusts, it is
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difficult to determine where to measure that pressure In g flight investi-
getion. For the present investigation, that pressure was measured 1n the
annular base regilon so that it would be unaffected by the Jet for all but
the shortest spaclng retic configuretlon.

For each conflguration shown in figures 1C, 11, and 12, the average
difference between flight and model data is plotted in figure 16. For
the afterburner off (figs. 16(a) and 16(b)), good correlation was obtained
between the model date and flight tests for spacing ratios of 0.38, 0.Lk3,
0.50, and 0.65, the over-all average difference being less than 1-1/2 per-
cent. For the shortest spacing ratio, model date indicate 4 to 5 percent
higher thrust and sir-flow ratios. For this spacing ratio the measured
base pressure was 2 percent less than for the longer spacing ratlos, and
the decrease 1s believed to be due to Jet effect. If base pressure were
adjusted to conform with that measured at the longer spacing ratios, then
a 5-percent change In the thrust and sir-flow ratios predicted from model
data would result, and good correlation would be obtained for the shortest
spacing ratlo also.

For the afterburner-on daeta (fig. 16(c)) there appear to be more
serlous discrepancles between model and flight results. At the longest
spacing ratio, model-thrust ratio is 6 percent higher than f£light-thrust
ratlo, while model alr-flow ratic 1s 5 percent lower than flight air-
flow ratio. The nature of these differences (opposite 1n sign) indicates
the possibility of premature choking in the flight ejector, due possibly
to Jet rotation which is not present in model tests. For any ejector
configuration, there 1s a critical primary pressure at which the Jet
expands to Just f£ill the elector exit. When this occurs, a large drop
in ejector thrust results accompanied by a large increase in ejector ailr
flow. With an appreciable amount of Jet rotatlon, there might be a ten-
dency for this condition to occcur at a slightly lower primary pressure
ratio and to produce a larger decrease 1n thrust and increase in air
flow. For the lowest afterburner-on spacing ratio, model tests predict
an ejector thrust ratlc 7-1/2 percent higher than was obtained. For &
spacing ratio this short, it 1s possible that primary nozzle gecmetry
and boundary layer become lmportant. In the flight installatlon there
was no restriction at the primary nozzle exit, which was not the case
in model tests. This difference might have resulted In relatively larger
primary Jjet boundary layers for the full-scale ejector.

The foregoing differences between flight and wind-tunnel data for
the afterburner-on confliguratlions indicate the desirabllity of & system-
atic evaluation of the effects of primsry Jet rotation, primsry nozzle
geometry, and primary Jet boundary layer on ejector characteristlcs.

The optimization of spacing ratio for peak net thrust, as discussed
previously and shown In flgure 15, can produce an appreclable increase
in performsnce. For design purposes, however, an optimum spacing ratio
cannot be determined unless an sccurate estimation of secondary pressure
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ratio 1s obtained. For example, if a constant secondary pressure ratio
were assumed for the conflgurations reported here, no optimum spacing
ratioc would be predicted from the model data. Furthermore, in order to
estimete secondary pressure ratio, both secondary flow losses and the

no Jet flow value of base pressure must be determined. For these reasons .
1t appears that model data may be used to establish & preliminary ejector
design, but the final design should be determined by flight tests.

Primery Probe Calibrstion

For many alrcraft performence tests, the test program ls so exten-
sive that msintenance of a swlnging probe, and the reduction of data
from it, becomes lmpractical. Also, since several seconds are requlired
for swinging a probe, performance measurements cannot be made during
rapid changes of engine operating conditions. One solution to these
problems is to use a swinging survey probe under f£flight conditions, In
a menner comparable to the use of a thrust stand on the ground, that is,
for calibrating s fixed tail-pipe probe.

The results of the fixed tall-plpe probe calibrations, for the
ejectors reported herein, are shown in figure 17. Figure 17(a) presents
true alrcraft gross thrust divided by lsentropic thrust computed from
pressure measured by the fixed tail-pipe probe. Therefore, for any con-
dition in which true thrust is desired, thrust computed from tall-pipe
exit pressure is multiplied by the appropriate value of thrust coeffi-
clent taken from figure 17(a). Also plotted in figure 17(a) are the
values of thrust-coefficient obtalned on the ground using a thrust stand.
These values are the same as those shown in figure 6. In addition to
extending the thrust-stand data to flight wvalues of primary pressure
ratio, and thus avolding the necessity of extrapolating ground data, the
flight data of figure 17(a) also include ejector thrust losses which
could not be obtained from a ground thrust-stand callbration. If only
a thrust-stand calibration were used, a curve similar to that shown in
flgure 17(a) would be used to compute aircraft thrust and, as can be seen
from this figure, the value of thrust so computed could be in error by
almost 10 percent. Figure 17(b) presents similar date for alr-flow coef-
flclent, with secondary to primsry tempersature ratio included. There-
fore, in order to obtain the true slr flow through both engine and
ejector, primary and secondary temperature must be measured in addition
to primery pressure. Use of the curves 1n figure 17 provides no informa-
tion concerning the true value of engine gross thrust, net thrust, or
air flow, since these curves include ejector losses and ejector air flow.
However, when the computation of aircraft performance psrsmeters, such
as drag coefficlient, requires s knowledge of propulsive force, then the
curves of flgure 17 are appllcable, since the computation of thrust and
alr flow by means of these curves leads to the true net propulsive force
on the asirframe.
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The only indication of the accuracy of the swinging survey probe as
a thrust measuring device is the data shown in Ffigure 6. Because the
correction value shown here is small, and because it 1s constant over
the pressure range covered, it seems loglecal to extend this value to
flight operating conditlons end, In the absence of better Information,
the swinging probe accuracy in determlining gross thrust with the correc-
tion value of figure 6 is assumed to be 1 to 2 percent. Alsc, there is
no reason why similar accuracles should not be obtalned on other instal-
lations. If a swinging probe were used to obtain callbration curves
such as those of figure 17, then on the basils of present experience
the 1naccuracy in obtalning net aircraft propulsive force by means of
these curves would be about 4 to 5 percent. This accuracy could be
expected over most ranges of f£flight conditions, but further difficulties
would be expected with continucously varying ejector configurations, where
the curves of filgure 17 would be more difficult to obtain, and where
inaccursclies in the measurement of eJector and primary nozzle positions
would result in grester inaccuracy of thrust measurements.

CONCLUDING REMARKS

The results of this Investigation indilcate that there 1s generally
good agreement between flight and model tests. For those conflgurations
where there is more than 3-percent difference between flight and model
tests, hypotheses have been advanced to explain the differences. In
order to check the validity of these hypotheses, systematic studles of
the effects of Jet rotation, primary Jet boumndary layer, and primary
nozzle geometry on ejector characteristics are neededqd.

Although flight and model tests compare favorably, the sensitivity
of eJector performance to secondery pressure ratlio requlres an accurate
knowledge of the latter quantity for prediction of the former. There-
fore, unless secondary pressure and base pressure can be accurately
estimated, final deslgn of alrcreft ejectors should be determined from
flight tests.

Ames Aeronsutical Laboratory
Nationel Advisory Committee for Aeronasutlcs
Moffett Field, Calif., Apr. 21, 1958
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APPENDTX
THRUST AND ATR-FLOW EQUATIONS

The grogs thrust over a differentisl element of area dA of the
tell-pipe or ejector exit is given by the equation

@Fg = (psV5% + D - pgldA (1)
The corresponding equation for eir-flow rate is
aW = pyVsaA (2)

In order to determine total gross thrust or air-flow rate, equation (1)
or (2) is integrated over the desired area. For the tail-pipe exit,
any varletion in p 32 Vj, P, Or pg Over the tall-pipe exit area AP

1s absorbed in an experimentslly determined nozzle coefficient CFP
or CWP giving the following equations:

ng = G_E‘P(Dpvpa + P - Pa.)-A-:p (3)

Wp = Cw,PpVphyp (k)

If it is assumed that p = pg when the nozzle 1s unchoked, and

| 7
2
P=P(;:i>

when the nozzle 1s choked, then the following equations can be obtained
from equations (3) and (4):
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.t'_l
gp = CFP ;:— ApPa <}:i) -1 (5)
e
()<

7+1
= 2y L Pa) ) -1 6
Wy = Oy L J‘ 2 R( (6)

and
2 )
oV p
— —— &
rg, = Orpee| 2 (Br) - 2 ) (0
Y-
>for _P :><?il
e/ =\ 2
Wy = J (8)

To obtain ejector thrust and air flow, equations (1) and (2) are
integrated over the ejector exlt, so nozzle coefficlents such as those
used for the tall-pipe exit are not requlred. However, 1f only one cross
section of the ejector exit is surveyed, then a thrust coefficlent should
be included to adjust for variations between thilis cross section asnd other
cross sections. Then the equations for ejector grose thrust and air flow
resulting from equations (1) and (2) are as follows:

Ay ==

+8 4

_ 2 Fb+s

Tepis = CFp+s LZ: ;{é Ppts | \ 3 ‘> 1| +(Ppygpa) paa (9)

p+s
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7+ r-1

A 2
P+8 P 7 P. 7
Wpis = Cu f 2y _pts P‘S> —P+-5> il Yan (a0
PSS Jo 7-1 RTpis \Fpts Ppts

L _

where GdA 1is the ares of a clrcular ring of thickness dr and radius r
from the Jet center line.

For the present investigation, values of y were assumed as follows:

Afterburner off 7y
Afterburner on 7

1.35
1.30
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TABIE I.- DIMENSIONS OF THE TEST ATRPLANE

Wing . ‘

Total wing erea (including projected fuselage area), sq £t . 232.8

Span, ££ o v ¢ s o 4 s o 4 0 e e e e s e e 32.6

Aspect Tatio & ¢ 4 4 4 e 4 0 4 4 e e e e e et s e e e . 6.1

Meen merodynemic chord, In. .« « ¢ ¢ « « « 2 o o o o = o o & 80.6

Leading-edge SWeeDhECK ¢ + « ¢ o « o « « = & e e e e« o . QO

Fuselsage

Iength, TH ¢ o o o « o & ¢ ¢ o o o o o o o B ¥ 1N 2]

Depth (maximm), IM. . . ¢ 4 ¢ o ¢ 2 o o o o o o o o o o « 56

Width (meximm), in. 56

Tail-pipe exlt area

Afterburner off, sqg ft . . . . « ¢ « &« ¢ . & 2.73

Afterburner on, sq £t .+ <« ¢ . ¢ ¢ o o o o . e s e o s o & 3.81

EJector area, 8 £t « ¢ o o o ¢ o o0 e o . . e s e e e e L.77
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Figure 1.~ Test alrplane.
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Figure 2.- Two-view drawing of test airplane.
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Figure 5.- Tall-plpe exit and test instrumentation.
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Primary pressure ratio, Pp/Po

Figure 6.- Variation of the thrust coefficlents with primary pressure
ratio.
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